INTRODUCTION
============

Extracellular recording focuses on detecting large-scale neuronal activity as the 'electric signal code' *in vivo* \[[@B1][@B2]\]. Tetrodes consisting of four twisted microwires have proved to be valuable tools for the simultaneous recording of multiple neurons because they can isolate many single neurons simultaneously \[[@B3]\], Tetrode characterization depends on the tetrode materials, diameters and surface area. Various microelectrode materials have been reported such as tungsten, titanium and gold, which are known to be biocompatible materials \[[@B4][@B5][@B6]\]. Many attempts to reduce the electrode size to minimize tissue damage and obtain a high neural network spatial resolution have been reported \[[@B1][@B7][@B8]\]. Although small electrodes enable avoiding tissue damage and provide high selectivity for a neural recording, the impedance value is high, which reduces the quality of a recording.

In general, a high impedance leads to a lower signal-to-noise ratio (SNR) of a recording, which reduces the performance of a neuronal signal recording, making it difficult to detect low-level neural signals. Undifferentiated background action potentials can contribute neural noise, and this noise can add to the electrode impedance, which is inversely proportional to the surface area \[[@B9][@B10]\]. To address these issues, low-impedance tetrodes are desirable; increasing the surface area of a tetrode via surface modification with nanoparticles can contribute to reducing the impedance. Many attempts have been made to modify the surfaces of neural electrodes via electrochemical deposition, sputter deposition and spray deposition \[[@B11][@B12]\]. Electroplating, which occurs via electrochemical deposition, is a relatively conventional method because no additional patterning process is performed, such as in sputter deposition.

Surface modification via electroplating causes the growth of crystallites on tetrode tips. These crystallites can form nanostructures on the surface that increase the effective surface area of a tetrode. Furthermore, surface modification plays an important role in improving the charge transfer properties at the electrode and tissue interface. Various materials have been applied to modify the surfaces of electrodes, including gold, platinum (Pt) black, iridium oxide (IrOx), carbon nanotubes (CNTs) and many kinds of conductive polymers (CPs) \[[@B8][@B13][@B14][@B15]\]. Previous studies involving the coating of materials onto tetrodes to lower their impedance values and enlarge their effective surface areas have been conducted \[[@B8][@B16][@B17]\].

Au nanoparticles (AuNPs) are well-known materials that are non-toxic, highly conductive and biocompatible \[[@B18]\]. AuNPs are widely used in the field of biosensors, multielectrode arrays (MEAs), and microelectrodes \[[@B19][@B20][@B21]\]. MEAs with electrodeposited AuNPs have been reported to possess increased surface area and improved recording performance in vitro \[[@B19]\]. Electron beam lithography, physical deposition and electrochemical deposition are among the many methods used to attach gold to surfaces. In this study, AuNPs were attached to the surfaces of tetrodes via the electrochemical deposition method, which is a simple method used to fabricate tetrode tips.

CPs such as polypyrrole (PPy), polythiophene (PTh) and poly(3,4-ethylenedioxythiophene) (PEDOT) have been commonly applied the over coating materials of neural electrodes since the size of electrodes has decreased \[[@B22][@B23][@B24][@B25][@B26][@B27]\]. The application of CPs has many advantages, as they exhibit fast and high-charge delivery capacities due to their excellent intrinsic conductivity and provide a large surface area when used as coating materials \[[@B8][@B23][@B28][@B29][@B30][@B31]\]. CPs effectively increase the surface area of the electrodes, without changing the geometric surface area, and lower the impedance \[[@B31][@B32][@B33]\]. Among these CPs, poly(3,4-ethylenedioxythiophene) (PEDOT) was reported as a biocompatible material in an in-vivo polymerization study \[[@B31][@B34]\]. The morphology of PEDOT displays a microscale cauliflower-like structure that can effectively increase the surface area and decrease the impedance of the electrodes \[[@B35]\]. Furthermore, PEDOT coatings enable the fabrication of ultrasmall, high-channel-count arrays for a constant interface with the brain \[[@B33]\]. PEDOT has beneficial properties such as electrical, chemical and environmental stability and offer better conductivity and thermal stability than those of PPy \[[@B36][@B37]\].

The purpose of our study was to investigate the improved recording quality of tetrodes achieved by altering their electrochemical properties via surface modifications though the electroplating method, which is a simple method used to fabricate tetrode tips. The effect of the electrochemical deposition of AuNPs and PEDOT on tetrodes was shown to reduce the electrode impedance. Although some research on the effects of AuNPs and PEDOT as separate coating materials has been carried out, no studies involving the sequential electrodeposition of PEDOT and AuNPs onto tetrodes have been reported. This paper attempts to show the possibility of further reducing the impedance of recording sites and increasing the charge storage capacity of tetrodes via this double coating. Furthermore, to elucidate the improvement in the recording quality, the modified tetrodes were used to record neural signals in the ventral posterior medial (VPM) nucleus of Sprague Dawley (S-D) rats. The L-ratio, isolation distance (ID) and signal-to-noise (SNR) were calculated. These parameters can be used to quantify the spikes of each cluster. The morphology of the electroplated tetrodes was confirmed via scanning electron microscopy (SEM), and the electrochemical properties were determined via electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements.

MATERIALS AND METHODS
=====================

Fabrication of tetrodes
-----------------------

Tetrode bundles were fabricated according to the standard methods \[[@B16][@B38][@B39]\]. Polyimide-insulated 13-µm nickel-chromium wires (California Fine Wire, Grover Beach, CA) were used as the tetrode. To obtain a rigid bundle, twisted wires were heated with a heat gun (GHG 500-2, Bosch, Romania) at 300℃ using a low flow for 1 min with different angles. The tetrodes were carefully cut using sharp micro scissors (14054-13, Fine Science Tools, Foster City, CA). To achieve a consistent surface area cross-section, the fabricated tetrode wires were cut vertically, and the sizes of the bare electrodes were confirmed based on the cross-section of the SEM image. The manufactured tetrode wires were connected to a 32-channel electronic interface board (EIB), and each wire was fixed with a gold pin.

Electrochemical-deposition of AuNPs and PEDOT
---------------------------------------------

AuNPs were deposited onto the exposed tips of the polyimide-insulated 13-µm nickel-chromium wires from a stimulus isolator (A365D, World Precision Instruments, Sarasota, FL). The AuNP electroplating solution consisted of a non-cyanide, gold-plating solution (Neuralynx Inc., Bozeman, MT, USA) mixed with a PEG solution (1 mg/mL in DI water, Sigma-Aldrich, St Louis, MO), which acted as an inhibitor during the electrodeposition process and enlarged the surface area \[[@B40]\]. The current used for electroplating was 200 µA, which was applied for 60 s to avoid wire shorting.

The AuNPs-coated tetrode tips were further coated with dextran (Dex)-doped PEDOT. PEDOT-Dex was deposited from a solution consisting of a mixture of 0.02 M ethylene dioxythiophene (EDOT) and 2 mg/ml Dextran (Dex). Electrochemical deposition (with CV) was performed for 5 cycles from 0 V to 1 V at scan rate of 20 mV/s.

Electrochemical and physical characterization of the electrodes
---------------------------------------------------------------

EIS was performed using the ModuLab Femtostat system (Solartron Analytical, Berks, UK), and measurements were carried out with a three-electrode electrochemical cell in a 0.1 M KCl solution (1.0 mM K~4~Fe(CN)~6~/K~3~Fe(CN)~6~). The tetrodes, an Ag/AgCl electrode in a saturated KCl solution and a platinum wire were used as the working, counter and reference electrodes, respectively. EIS was carried out at an amplitude of 200 mV, and the frequency range was between 0.1 Hz and 100 kHz.

CV analyses were carried out in the basic three-electrode cell with the same configuration as that of the EIS system. CV was performed at a scan rate of 50 mV/s, from −0.1 V to 0.8 V (vs. Ag/AgCl), using a potentiostat (Solatron Analytical, ModuLab, Berks, UK) for bare tetrodes (NiCr), the AuNPs-coated tetrodes. In the case of PEDOT-deposited tetrodes, CV was conducted from −0.8 V to 0.7 V. The CV measurements and EIS were performed before and after electroplating was performed.

The microstructure of each tetrode surface was evaluated using SEM to determine the morphology of the AuNPs and PEDOT. The electroplated surface was studied via EIS and CV measurements instead of by conducting an additional microstructural analysis.

Surgical implantation and *in vivo* recording
---------------------------------------------

Animal experiment protocols were approved according to the National Institute of Health guidelines at Chungbuk National University (CBNUR-1072-17). Female adult SD rats (200\~220 g; Koatech, Pyeongtaek, Korea) were maintained under standard housing conditions (12-hour light/dark cycle) and were allowed to drink water and eat food pellets ad libitum. The animals were randomly divided into three groups: (1) the NiCr group (n=3); (2) the AuNPs group (n=3); and (3) the PEDOT group (n=3). Each group was randomly separated from the pool of animals in all cages. All rats were anesthetized with a mixture of 15 mg/kg letamine/zolazepam (Zoletil50®; Virbac Laboratories, Carros, France) and 9 mg/kg xylazine (Rompun®; Bayer, Seoul, South Korea) in saline solution. To target the ventral posteromedial nucleus of the thalamus (VPM) \[coordinates: anterior-posterior (AP), −3.5 mm; medial-lateral (ML), −2.8 mm, dorsal-ventral (DV), −6.0 mm from the dura\] in the skull, the bone was drilled to expose the underlying dura mater.

The tetrodes (diameter: 13 µm) were implanted into the VPM nuclei of the rats. Surgical procedures were conducted with a surgical microscope (Wesco SWF 10X/22, Illinois, USA) for visual guidance. The recorded neuronal activity was displayed by a Cheetah acquisition system (Neuralynx Inc., Bozeman, MT, USA), which obtained samples at 30,303 Hz. Spikes collected using the Cheetah system were identified as single-unit activity with a standard waveform-shaped and inter-spike-interval histogram obtained using the SpikeSorter3D software (Neuralynx Inc., Bozeman, MT, USA). The signals were digitized and recorded with bandpass from 900 Hz to 6000 Hz. And threshold level set was 50 µV. The single units of neuronal activity were analyzed with respect to an overall firing rate according to each tetrode.

The L-ratio and Isolation distance (ID) were calculated to quantify the quality of a cluster consisting of recorded spikes, which can calculate how well one cluster is separated from other clusters recorded on the same electrode and these values were automatically calculated after spike sorting by Harris et al. and Shmizer-Torbert et al. \[[@B41][@B42]\]. From the Mahalanobis distance, the following equation was used to measure spike *i* from the center of the cluster C: $D_{i,c}^{2} = \left( x_{i} - µ_{c} \right)^{T}{\Sigma_{c}^{- 1}\left( x_{i} - µ_{c} \right)}$ where D denotes the distance from each event (x~i~) to the mean feature vector (µi), and Σ~c~ represents the covariance matrix(Σ~c~=*X^T^X*) in the elected cluster. Unlike Euclidean distance, the Mahalanobis distance reflects the elliptical shape of the cluster, which is the result of multivariate properties. When all points are surrounded by the same direction, the Mahalanobis distance equals to the Euclidean distance.

The L-ratio is defined as $L\left( C \right) = {\underset{i \notin C}{\Sigma}1} - {CDF}_{x_{df}^{2}}\left( D_{i,c}^{2} \right)$, where CD denotes the cumulative probability value of x^2^. When the distribution of a cluster is Gaussian, the D^2^ value for the spikes of the cluster is equal to the square of 8 degrees of freedom because the tetrode has four electrodes with two dimensions. L-ratio represent how well the spike are separated from the other spikes that are recorded on the same tetrodes. From $L_{ratio}\left( c \right) = \frac{L\left( c \right)}{n_{c}}$, the L-ratio can be calculated, where n~C~ is the number of the cluster C .When cluster C contains n~C~ cluster spikes; the Isolation distance (ID) represents the D~2~ value of the n~C~^th^ nearest noise spike and ID values can represent how distant the cluster spikes are from the other spike and identify well-seperated clusters. When the ID values are high and the L-ratio values are low, the cluster could be well separated.

To estimate the signal-to-noise ratio (SNR) and the spike peak-to-peak amplitude, the root mean square (RMS) noise of the background noise (RMS noise), all analysis was carried out on continuous recordings (NCS data) using MATLAB (MathWorks, Natick, MA), and the FieldTrip toolkit (Donders Institute for Brain, Cognition and Behaviour, Nijmegen, Netherlands) was used, providing pure MATLAB implementations to load Neuralynx format directly. Neural recording segments were analyzed offline to perform the spike detection and sorting using the MATLAB-based toolkit, Wave_clus \[[@B43][@B44]\]. An amplitude threshold was automatically set to 5σ~n~ where σ~n~ is an estimate of the RMS noise. For each detected spike, 64 samples (i.e., \~2.5 ms) were stored for later analysis. After that, the signal amplitude and SNR were estimated using custom-automated MATLAB software. The signal amplitude for a cluster was defined as the mean peak-to-peak amplitude of the detected spike waveforms. The SNR was determined as the ratio of the spike (peak-to-peak) to noise (2×RMS noise) \[[@B33][@B45]\]. For 9-tetrode dataset (3-tetrode dataset per group), the SNR values are calculated separately for each of the 4 electrodes, then the final SNR values are the average of the 4 per-electrode SNR values.

Statistics
----------

Data from the *in vivo* recordings and impedance analysis represented in the following form: mean±standard deviation (SD). We performed one-way analysis of variance (ANOVA) using GraphPad Prism (GraphPad Software, San Diego, CA, USA), with the data being presented as an *in vivo* recording. For all tests, the data are presented as the mean±SD, ^\*^p\<0.01.

RESULTS
=======

Electrochemical and physical properties of the tetrodes
-------------------------------------------------------

[Fig. 1](#F1){ref-type="fig"} shows SEM images of the unmodified bare tetrodes (NiCr), the AuNPs-deposited tetrodes and the AuNPs-PEDOT-coated tetrodes, respectively. As shown in [Fig. 1a)](#F1){ref-type="fig"}, the NiCr electrode had a flat surface. Two-dimensional surfaces are exposed around the tetrode tips, and the nonexposed wires are insulated with polyimide. After the AuNPs were electroplated on the surface, they were distributed in an irregular arrangement on the NiCr electrode. As shown in [Fig. 1c)](#F1){ref-type="fig"}, the SEM images demonstrated that the PEDOT coating was well-plated to the AuNPs-coated surface; thus, the tips of the tetrodes had a high surface area due to the resultant nanostructures, which can greatly decrease the impedance of the electrode recording site.

The impedance characterization reflects the electrical and electrochemical properties of the tetrodes. The impedance value changes as a result of the applied materials, the electrolyte solution and the surface morphology. High impedance values are expected to contribute signal noise with a low signal-to-noise ratio which could apply a large electrode potential to the tissue due to undesirable electrochemical reactions. Therefore, a low impedance value is important for recording of microscopic neural activity. By electrodepositing AuNPs and PEDOT, the surface roughness was increased, and the impedance of the electrode sites was reduced. The electrochemical impedance was measured for the bare NiCr wires and the two modified tetrodes from 0.1 Hz to 100 kHz ([Fig. 2](#F2){ref-type="fig"}). The impedance of the bare NiCr wires was approximately 4.3 MΩ at 1 kHz. The impedance of the AuNPs-coated tetrodes decreased to 306 KΩ, indicating that the AuNPs could effectively decrease the impedance and increase the surface area of the tetrode, as shown in [Fig. 1](#F1){ref-type="fig"}. When PEDOT was additionally deposited onto the AuNPs-coated tetrodes, the impedance further decreased to 13 kΩ. Electroplating both AuNPs and PEDOT onto the surface was found to decrease the impedance values of the tetrodes at 1 kHz to a statistically significant degree (p=0.0069, p=0.0002) compared with the bare NiCr wire in the 0.1 M KCl solution (1.0 mM K~4~Fe(CN)~6~/K~3~Fe(CN)~6~). The reason for comparing the impedance at 1 kHz is that neural activity occurs at approximately 1--300 kHz. The bode plots from [Fig. 2a)](#F2){ref-type="fig"} also show that the impedance of bare NiCr wire increased with a decrease in frequency, while the PEDOT-coated tetrodes acted as capacitors at low frequency (\<100 Hz) and as resistors at high frequency (\>100 Hz). The resistive interface at low frequency indicates that the charge transfer during signal recording is due to a reversible faradaic reaction. The results indicated that the impedance of the modified tetrodes was reduced, due to the increased surface area as a result of the electrodeposition of AuNPs and PEDOT. Furthermore, the high electronic conductivity (300\>S/cm) and redox reaction resulting from the use of PEDOT contribute to reduction in the impedance value, which can be deduced through Nyquist plot and CV measurements mentioned below.

EIS, which shows the electrical and electrochemical properties of the tetrodes, is used to characterize the impedance. In this study, the equivalent circuit model used for the tetrodes is adapted from the theoretical models representing the electrode-electrolyte impedance \[[@B46]\]. [Fig. 3a)](#F3){ref-type="fig"} represents Equivalent circuit model R(RQ) for AuNPs- and PEDOT-electroplated tetrodes. Using the Modu-Lab Femtostat system, the R(R~Q~) model represents a circuit in which a solution resistance (R~S~) is in series with the constant phase angle element (CPE) and a charge transfer resistance (R~t~) connected in parallel. R~S~ refers to the resistance measured between the working electrode and the reference electrode. CPE represents the double-layer capacitance of the recording surface and R~t~ is directly related to the charge transfer resistance \[[@B47]\]. [Table 1](#T1){ref-type="table"} shows the fitted impedance values. According to the equivalent circuit model, the goodness of fit of each sample estimated from the x-square test was 1.1×10^−3^ and 5.6×10^−3^, respectively. It is quite good agreement with the curves generated from the fitted results, as shown in [Fig. 3b--c)](#F3){ref-type="fig"}. From the R~t~ values indicated by the fitted results, the PEDOT-coated tetrodes exhibit low resistance, which is related to the conductivity of the material and redox reaction; this value is reasonable considering the EIS measurements.

CV and Charge storage capacity
------------------------------

CV can confirm the reversibility of electrochemical reactions and the quantity of electroactive material on an electrode. The CV results obtained for the NiCr, AuNPs-coated and AuNPs-PEDOT-coated tetrodes are compared in [Fig. 4](#F4){ref-type="fig"}. The AuNPs-PEDOT-coated tetrode exhibited a large hysteresis compared with the NiCr and AuNPs-coated tetrodes, as shown in [Fig. 4](#F4){ref-type="fig"}, indicating that the modified tetrodes undergo an active electrochemical reaction. CV typically measures the characteristics of a redox reaction and the charge storage capacity of electrodes. The cathodic charge storage capacity (CSC~C~), which represents the improvement in capacitance of the electrode, was calculated by integrating the cathodic currents of a CV cycle. As shown in [Fig. 4](#F4){ref-type="fig"}, the bare NiCr, AuNPs-coated and AuNPs-PEDOT-coated tetrodes were tested to study their electrochemical behavior. The CSC~C~ for NiCr was 0.084 mC/cm^2^. After electrodeposition of the AuNPs and AuNPs-PEDOT, the CSC~C~ of the tetrodes dramatically increased to 0.448 mC/cm^2^ and 4.5 mC/cm^2^, respectively. It was demonstrated that the CSC~C~ of the AuNPs-PEDOT-coated tetrode was much higher than that of the bare NiCr and AuNP-coated tetrodes, which indicated that PEDOT provided a large surface area on the tetrode tip.

*In vivo* recording
-------------------

To investigate the neural recording ability of each tetrode, three different tetrodes (bare, AuNPs-coated and AuNPs-PEDOT-coated) were implanted in the thalamic VPM nuclei of S-D rats, and spontaneous neural signals were recorded. [Fig. 5a), b)](#F5){ref-type="fig"} shows the corresponding spike feature space and spike waveforms at each of four wires and unclustered spikes were not shown. The horizontal axis represents time (ms), and the vertical axis represents voltage (µV). To measure the recording quality of the tetrode, SNR values were calculated. The average (AVE) and standard deviation (STD) of the SNR for each tetrode (NiCr, AuNPs-, AuNPs-PEDOT) were 8.72±0.03 dB, 8.90±0.25 dB and 9.02±0.59 dB, respectively.

According to the results of *in vivo* recording, the L-ratio and ID values were calculated, which quantitatively indicate the number of distinguished signals from the recording data \[[@B41]\]. [Fig. 6a)](#F6){ref-type="fig"} shows ID the values of the sorted spikes and the spontaneous spike from the bare NiCr, AuNPs-coated and AuNPs-PEDOT-coated tetrodes. As shown in [Fig. 6b)](#F6){ref-type="fig"}, the L-ratio of the PEDOT-electrodeposited tetrodes was significantly lower than that of the bare NiCr tetrodes. The comparison of the L-ratio and ID values among the bare and electroplated tetrodes is shown in [Table 2](#T2){ref-type="table"}.

L-ratio and Isolation distance (ID) value that can quantitatively measure the quality of a cluster which confirms the degree of signal isolation obtained from the intracellular recording data. As shown in [Fig. 6](#F6){ref-type="fig"}, the AuNPs-PEDOT-coated tetrode significantly reduced the L-ratio of the spike signals of the AuNPs-PEDOT-coated tetrode was improved with those of the bare and AuNPs-coated electrodes. These results demonstrate that the recording performance of the neural activity in the VPM could be improved due to the enhanced effective surface area of the modified electrode and could contribute to improve recording and cluster quality. The multiunit neural activity was increased in the AuNPs-PEDOT-coated group compared to that in the bare NiCr group.

DISCUSSION
==========

This paper demonstrated the effect of PEDOT and AuNPs on the surface of tetrodes, which improved the electrochemical properties and neural recording quality. The use of tetrodes can increase the probability of recording neural signals and identify neurons. Tetrodes are useful tool for neural recordings, and many studies have reported that coatings on the surfaces of tetrodes can efficiently improve the probability of detecting neural signals. Some studies have shown the beneficial effects of AuNPs and PEDOT separately as separate coating materials \[[@B6][@B16][@B33][@B48]\]. However, the aim of this study was to demonstrate the possibility of electroplating PEDOT additionally onto AuNPs-coated bare wires. Our results show that the application of this double coating (AuNPs-PEDOT) to a tetrode surface has the potential to improve the electrochemical properties and neural recording quality.

We found that the impedance value of AuNPs-PEDOT-coated tetrodes was significantly reduced by 4.3 MΩ to approximately 13 kΩ, i.e., by approximately three orders of magnitude. The impedance values of the bare gold microelectrodes modified with PEDOT nanotubes decreased by approximately two orders of magnitude compared to those of bare gold electrodes \[[@B31]\]. The impedance magnitude of Ir microelectrodes after IrOx and PEDOT deposition decreased by approximately 404.5 kΩ to 23.3 kΩ \[[@B22]\]. This result might indicate that the initial impedance value of the NiCr wire was relatively high, but the impedance value decreased greatly after the sequential electrodeposition of AuNPs and PEDOT, resulting in coated tetrodes that were more suitable as neural recording electrode. The CSCs of the modified tetrodes increased compared with those of the bare tetrode. It is reasonably assumed that electroplating PEDOT and AuNPs onto a tetrode effectively increases the surface area of the recording sites, which is directly correlated with the recording quality. Moreover, the AuNPs-PEDOT-coated tetrodes could transfer more charge than the bare NiCr wire. We demonstrated that the additional electroplating of PEDOT onto the AuNPs-coated electrode surface significantly reduced the impedance value and increased the cathodic storage capacity. Lowered impedance could be interpreted as the recording quality, and is derived from the SNR and noise values from *in vivo* recording. Furthermore, the modified tetrode tips could effectively isolate neural spikes compared with unmodified tetrodes, which can be obtained from L-ratio and ID values. Thus, reduced impedance of recording site might contribute to slightly increased SNR with reducing thermal noise and increase the resolvable number of neurons \[[@B49][@B50]\]. These results show that the modified-tetrode could effectively separate a single-unit neuron from the spikes.

Reducing the impedance value of an electrode is important, as this parameter can influence the suitability of an electrode for both brain recording and electrostimulation \[[@B35]\]. PEDOT was selected as a coating material for AuNPs- coated tetrodes due to its conductive properties, which can improve the contact at the electrode/tissue interface. The application of a PEDOT coating to electrodes can significantly reduce the electrical impedance and charge injection in vitro with lowering charge transfer resistance \[[@B35][@B48]\]. Lowering the impedance of electrode is known to improve neural recording because low-impedance electrode could reduce thermal noise and minimize signal loss through shunt pathways \[[@B49][@B50]\]. Reduced impedance is contributed to lowering noise and increasing SNR, which can help recording quality. Increased SNR could contribute to increasing the number of resolvable neurons. The ability of recording various numbers of neuron could be represented by L-ratio and ID values in terms of sensitivity, which indicates the quality of clustering. Furthermore, PEDOT-coated tetrodes can be applied for use as electrostimulation electrodes and as CP electroplating materials \[[@B30][@B45]\]. The electrical conductivity of a CP can increase with the doping process. Since dopants can play an important role in reducing the impedance value and can increase the CSCc, a comparison between PEDOT and various dopants as coating materials may be performed in future studies.

For long-term *in vivo* recording, electrodes must possess a high SNR, a high spatial resolution, a low impedance value and biocompatibility. It is difficult for traditional metal electrodes such as NiCr, Pt and Pt/Ir to satisfy these requirements. Therefore, biocompatible CPs are suitable if these polymers have a high conductivity, which is directly related to providing the electrode with a low impedance value. Additionally, highly stable materials are desired to ensure that they endure the implantation process. Among CPs, PEDOT has better electrochemical stability than that of PPy due to its structure \[[@B35]\]. Hence, PEDOT is a reasonably suitable coating material for long-term *in vivo* recording.

There are some limitations of this study. First, we performed the investigation using a limited number of materials. For a better comparison to demonstrate the abilities of the AuNPs-PEDOT-coated tetrodes, they need to be compared with other materials (e.g., tungsten, Pt/Ir and IrOx). Second, the surface areas of all tested tetrodes could not be accurately determined. Furthermore, 13-µm bare NiCr wire insulated with polyimide was used by cutting with sharp scissors, but the exposed surface area can change depending on the cutting angle. In this paper, it was assumed that the cutting blade and the wire were exactly perpendicular to each other. In addition, the degrees of coating and surface roughness values were not mentioned, even though the electroplating experiments with AuNPs and PEDOT were carried out under the same conditions. To carry out a comparison to determine the characteristics of AuNPs-PEDOT-coated tetrodes, the surface roughness or amount of coating material should be discussed. Third, the long-term stability of the tetrodes must be considered for *in vivo* neural signal recording. We did not check the long-term stability of the AuNPs-PEDOT-coated tetrodes after a few weeks. To the best of our knowledge, PEDOT is well known as a material that can be used to improve the long-term performance of microfabricated devices \[[@B30]\]. This long-term stability for recording suggests that a new variant of PEDOT may be suitable for chronic neural application \[[@B28]\]. The use of the PEDOT materials proposed in this paper as an electrode coating is still far from being applicable to human cortical electrode recording at the current technology level. Further studies must test the long-term stability, economic efficiency and recording reliability of the modified tetrode. For *in vivo* recording, anesthetized rats were used to obtain the local field potential and spikes. All the experiments involving rats were conducted under anesthesia conditions, and the recording equipment was fixed in a Faraday cage to reduce the background noise. The *in vivo* recording results could change depending on the animal conditions, anesthesia states of rats and laboratory conditions. Furthermore, SNR could not replace all 'ideal' neural information from *in vivo* recording. SNR may not representative of all complex neuronal system, and evaluating neural electrode assumes that action potential arises from each single neuronal system, therefore it underestimates complex neural network. Due to small electrode size and completely uncontrolled background noise, it might have large RMS values rather than some reported RMS values \[[@B25][@B45]\]. However, our study on the AuNPs-PEDOT-coated tetrodes involved with not only *in vitro* but also *in vivo* recordings to identify the electrode properties. Therefore, this paper demonstrates the potential of AuNPs-PEDOT-coated tetrodes.

In summary, the tips of NiCr tetrodes were modified with AuNPs and PEDOT via electrochemical deposition due to improvement of electrochemical properties and neural signal recording quality. We demonstrated that additional electroplating of PEDOT onto the AuNPs-coated surface of electrodes significantly reduced the impedance value and increased the cathodic storage capacity. Surface modification of the tetrodes allowed to detect multi neural cell recording due to the reduced impedance and increased cathodic storage capacity. PEDOT-coated tetrode recordings can aid in specific research applications, and the use of these modified tetrodes for multiple neuronal recordings can improve the understanding of complex brain signal activities *in vivo*.
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![a) SEM images of a bare NiCr tetrode without surface modification; b) AuNPs-coated tetrode; c) AuNPs-PEDOT-coated tetrode; d)\~f) magnified image of a) NiCr, b) AuNPs and c) AuNPs and PEDOT, respectively.](en-27-593-g001){#F1}

![a) Bode plots of NiCr, AuNPs-coated and AuNPs-PEDOT-coated tetrodes. The impedance value, as a function of frequency, obtained via EIS shows that the AuNPs- and AuNPs-PEDOT-coated tetrodes present low impedance values. b) Average in vitro impedance of NiCr (n=15), AuNPs (n=18) and PEDOT (n=15) at 1 kHz. The AuNPs- and AuNPs-PEDOT-coated tetrodes exhihit significantly lower impedance values than the bare NiCr tetrodes due to the expanded surface area resulting from electrodeposition. All data in b) are presented as the mean±SD.](en-27-593-g002){#F2}

![a) Equivalent circuit model R(RQ) for AuNPs- and PEDOT-electroplated tetrodes. Rs is the solution resistance, Rt is a charge transfer resistance from the electrodeposited materials. CPE is the constant phase angle element. b) Fitting EIS data and experimental EIS data of AuNPs-coated tetrode; c) Fitting EIS data and experimental EIS data of the PEDOT-coated tetrodes. These fitting results were matched with the experimental results well (Modulab).](en-27-593-g003){#F3}

![a) Cyclic voltammetry measurements of the bare NiCr tetrode, AuNPs-coated tetrode and AuNPs-PEDOT-coated tetrode in 0.1 M KCl solution (1.0 mM K~4~Fe(CN)~6~/K~3~Fe(CN)~6~) between −0.1 V and 0.8 V and between 0.8 V and 0.7 V (vs. the reference electrode) at a scan rate of 50 mV/s. b) Average of the cathodic charge storage capacity (CSC~C~) of each tetrode, bare NiCr (n=6), AuNPs-coated (n=6) and AuNPs-PEDOT-coated (n=11).](en-27-593-g004){#F4}

![a) Spike feature space from the result of *in vivo* recording of the tetrodes (NiCr, AuNPs-coated, and AuNPs-PEDOT-coated respectively) recorded using the SpikeSorter3D software. The different colors of the waveforms indicate the distinct clusters resulting from spike sorting. b) Spike waveforms of action potentials on the tetrodes (NiCr, AuNPs-coated, and AuNPs-PEDOT-coated).](en-27-593-g005){#F5}

![a) Isolation distance of the bare NiCr (n=3), AuNPs-coated (n=3) and AuNPs-PEDOT-coated (n=3) tetrodes; b) L-ratio values of the bare NiCr (n=3), AuNPs-coated (n=3) and AuNPs-PEDOT-coated (n=3) tetrodes. The levels of statistical significance were indicated as follows ^\*^p\<0.01. These values were calculated using a previously reported method \[[@B41]\].](en-27-593-g006){#F6}

###### Fitted impedance values for the equivalent circuit model R(RQ) for AuNPs- and PEDOT-electroplated tetrodes
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                Rs (kΩ)   CPE (μF)   α      Rt (MΩ)
  ------------- --------- ---------- ------ ---------
  AuNPs         43.7      1.44       0.85   138.5
  AuNPs-PEDOT   56.5      5.69       0.78   43.8

###### Average impedance at 1 kHz, L-ratio, ID values, SNR and RMSnoise of bare NiCr, AuNPs-coated and AuNPs-PEDOT-coated tetrodes
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                                    Bare NiCr    NiCr-AuNPs   NiCr-AuNPs-PEDOT
  --------------------------------- ------------ ------------ ------------------
  Average impedance at 1 kHz (MΩ)   4.34±0.31    0.33±0.04    0.013±0.001
  Average L-ratio                   1.603±0.47   1.414±0.20   0.46±0.14
  Average isolation distance        4.65±0.64    4.16±0.38    6.86±1.46
  SNR (dB)                          8.72±0.03    8.90±0.25    9.02±0.59
  RMSnoise (μV)                     44.9±0.001   44.6±0.002   44.8±0.004

All data are presented as the mean±SD.
